Coccidioidomycosis is caused by inhalation of the diphasic, multimorphic fungus Coccidioides immitis. Diagnosis can be established by the recovery and identification of C. immitis or by the detection of coccidioidal antibodies. The detection of antibodies may be accomplished 1 to 4 weeks after symptoms develop (16) . Coccidioidal immunoglobulin M (IgM) (precipitin) antibodies are usually not detectable before 7 days after the onset of illness, and IgG (complement fixation) antibodies are not detectable until later (14, 16) . The diagnosis may be further delayed in patients who are unable to generate a detectable humoral response, e.g., immunocompromised individuals (14) . Methods have been sought that are more sensitive than antibody detection. Galgiani et al. (6) detected coccidioid-specific antigens in the sera of patients suspected of having new infections. Clark and McAllister (3) used RNA amplification to detect C. immitis in clinical specimens that contained whole organisms, but they were not successful when testing cerebrospinal fluid (CSF) and they did not test serum. We sought a nonserologic approach to earlier diagnoses, and here we describe an effort to detect coccidioidal DNA in serum by PCR using C. immitis (or Coccidioides posadasii [4] )-specific primers.
MATERIALS AND METHODS

PCR.
The primers used for this study were designed by Greene et al. (7) based on the internal transcribed spacer (ITS) sequences of C. immitis ribosomal DNA (accession no. X94142) (2) and were prepared by Invitrogen (Carlsbad, Calif.). These Coccidioides-specific primers, designated ITS C1A and ITS C2, amplify a 239-bp sequence but do not amplify DNAs from closely related, non-Coccidioides species (7). PCR mixtures (50 l) contained 5 l of GeneAmp 10ϫ PCR Gold buffer (Applied Biosciences, Foster City, Calif.), 3 l of 1.5 mM MgCl 2 , 4 l of a 10 mM dNTP mix (a 2.5 mM concentration of each), 1.25 U of AmpliTaq Gold (a hot start enzyme), 10 pmol of each primer, and 30 l of sample. Each reaction mixture was subjected to the following conditions: 1 cycle at 94°C for 10 min; 35 cycles at 94°C for 1 min, 53°C for 1 min, and 72°C for 1 min; and 1 cycle at 72°C for 10 min. After amplification, a 10-l sample of each reaction was electrophoresed through a 1.5% agarose gel at 90 V for 60 min. Gels were stained by incubation for 15 min in ethidium bromide (0.5 g/ml in water) or for 60 min in Vistra Green (Amersham Pharmacia Biotech, Piscataway, N.J.) diluted 1:10,000 in TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0). They were then analyzed and photographed in a Nucleotech Geltech imager (Nucleotech, San Carlos, Calif.).
Sensitivity assay. C. immitis strain Silveira (ATCC 28868) genomic DNA, isolated from endosporulating spherules 36 h after inoculation (19) , was quantitated spectrophotometrically, diluted in water, and added to the PCR master mix. Reaction mixtures contained between 100 pg and 1 fg of DNA, and after amplification, a 10-l sample was electrophoresed and stained.
Mouse sera. Sera were collected from Swiss Webster mice experimentally infected intranasally with 500 C. immitis strain Silveira arthroconidia. Uninfected mice received saline. On days 3, 7, 11, 16, and 21 after infection, the sera from three mice per group were collected, pooled, and then stored at Ϫ80°C until further use. Coccidioidal antibodies in the sera were detected by double immunodiffusion (9, 10, 14) . Histologic examinations revealed C. immitis spherules in the lungs from day 7 on.
DNA isolation. A QIAmp DNA blood mini kit (Qiagen, Valencia, Calif.) was used to isolate DNAs from human and mouse specimens (200-l samples) and to remove inhibitory components. The kit was used according to the manufacturer's protocol except that the DNA was eluted with a 50-l volume to effect concentration of the DNA. Thirty microliters of eluate was used for PCR amplification.
Isolation and amplification of DNA added to serum. Human serum (200 l) that was negative for coccidioidal antibodies and for coccidioidal DNA by PCR was seeded with coccidioidal genomic DNA (166 pg). This quantity should yield 100 pg per 30 l of eluate, the volume added to the PCR mixture. The DNA was then isolated from the serum and amplified.
Amplification of DNA from human clinical specimens. Anonymous human specimens, either sera or CSF, were obtained from the Coccidioidomycosis Serology Laboratory (Davis, Calif.) in accordance with the policies of the Institutional Review Board at the University of California, Davis (protocol 2002210077-2). Sera from humans with coccidioidomycosis with various antibody responses were obtained, and if present, the DNAs were isolated and amplified. Samples were electrophoresed and the gels were stained. The PCR product from one representative reaction was cloned into a TA cloning vector (Invitrogen) and the sequence of the insert was determined.
Blinded study. Sera that were previously evaluated for the presence of coccidioidal antibodies by immunodiffusion and by complement fixation were obtained in a blinded fashion. The specimen collection date and serologic results were revealed after the DNA amplifications were completed. Successive samples from some patients were evaluated for coccidioidal antibodies and DNAs.
RESULTS
Sensitivity assay.
A 239-bp PCR product was readily visualized after staining with ethidium bromide when 1 pg, but not 100 fg, of coccidioidal genomic DNA was added to the reaction mixture (Fig. 1A) . When a similar gel was stained with Vistra Green for comparison, the PCR product was easily visualized when 100 fg of DNA was added and there was a faint band when 10 fg was added (Fig. 1B) . We calculated that 10 fg of genomic DNA would contain approximately 323 genome copies based on an estimated genome size of 28.2 Mb (13). While there was an increased sensitivity when the Vistra Green stain was used, some preliminary samples originally stained with ethidium bromide were unavailable for comparisons with Vis-tra Green-stained samples. Regardless of the staining method, the intensity of the stained bands was proportional to the amount of DNA added such that the relative quantity of DNA present prior to amplification could be estimated.
Amplification of DNA added to serum. Serum components that were inhibitory to amplification were removed by the QIAmp system. DNA that was deliberately added to a serum and then isolated was successfully amplified (Fig. 1C) . However, the intensity of the product from this mixture, theoretically containing 100 pg of DNA/30 l of eluate, was less than that of a QIAmp-treated serum that had 100 pg of DNA added after the isolation. This indicated that some DNA was lost during the isolation process.
Amplification of DNA from clinical specimens. Of the nine patient samples that were initially evaluated, eight were seropositive and one was seronegative. Four patient sera (all positive for antibodies) yielded PCR products of the size expected. Figure 2 shows an ethidium bromide-stained agarose gel with eight of the amplified serum specimens. Positive 239-bp products are seen in lanes 2, 6, and 7. The intensely staining band in lane 10 is the 100-fg positive control. No product is apparent in lane 11, the negative (no template) control reaction. An additional positive product (not shown) was cloned and sequenced. This clone was found to contain the complete and correct 239-bp ITS sequence.
Mouse study. All sera collected from uninfected mice were negative by PCR. A single pooled specimen collected 3 days after infection with 500 arthroconidia was PCR positive (Fig.  3) . All mouse sera were negative for coccidioidal antibodies by double immunodiffusion (data not shown). Spherules were observed in the lungs of mice 7 days after infection.
Blinded human study. A total of 90 human serum and 4 human CSF specimens were evaluated in a blinded fashion. After the completion of the PCR testing, the code was broken (Table 1) . Fifty-eight serum specimens had no detectable coccidioidal antibodies, as determined by immunodiffusion and/or complement fixation. Twenty-three had a detectable antibody (11 were positive for IgM, 5 were positive for IgG, and 7 were positive for both IgM and IgG), and 9 were equivocal. All four CSF specimens were negative for coccidioidal antibodies. One of these specimens was from an individual whose serum later became positive for antibodies. Additional serologic information on subsequent samples was recorded for 17 patients who were initially seronegative or equivocal. Six of the 14 seronegative and 3 of the 4 equivocal patients became seropositive. Three sets of successive samples were included in the study; two were sera and one was CSF. The serum sets both included an initial specimen that had no detectable antibody and a subsequent sample that was seropositive. The CSF set was seronegative, and successive samples had no detectable antibodies. Samples were designated PCR positive if an amplified product of the appropriate size was both visualized and photographed. In some instances (four specimens), a faint band of the appropriate size was visualized; however, the intensity was below the photographic sensitivity. These specimens were designated equivocal. As the sample volume was limited, it was not possible to repeat the isolation and amplification with these specimens.
Of the 94 specimens evaluated (from 88 patients), six patient samples contained coccidioidal DNAs that were amplified by PCR (Table 1) . PCR-positive specimens were most often seronegative or equivocal (Table 2) , although one PCR-positive specimen was IgM positive. This specimen was from a patient who had an initial diagnosis of eosinophilic pneumonia and died from extensive coccidioidal pulmonary disease. Four of the seronegative specimens (DN40, DN73, DN78, and DN91) were from individuals who later became seropositive. The time until the collection of additional specimens ranged from 5 to 36 days. One PCR-positive specimen (DN63) was seronegative, and there were no additional specimens from this patient. In two instances, the second specimen was also subjected to PCR. In both of these cases (DN73-DN74 and DN91-DN92), the second specimen was seropositive but PCR negative. All of the CSF samples studied were PCR negative.
DISCUSSION
The diagnosis of coccidioidomycosis may be delayed by the dependence on the demonstration of an antibody response, which may take a week or longer after the development of symptoms, or by the failure of some patients to mount an adequate humoral response. Galgiani et al. found circulating coccidioidal antigens in 35 of 233 patients with symptoms that were compatible with coccidioidomycosis (6). Thirty-three of the patients had no detectable coccidioidal antibodies at that time. An alternative approach is the detection of fungal nucleic acids present in clinical specimens or swabs. These nucleic acids could represent those released from whole fungal cells after lysis or circulating free nucleic acids produced in the host. Indeed, many groups have explored nucleic acid detection for the diagnosis of coccidioidomycosis or other medically important fungi (1, 3, 5, 8, 11, 12, 15, 17, 18) . All of these methods employed some means of amplifying the nucleic acids. Clark and McAllister (3) evaluated the detection of rRNA that was released after the lysis of C. immitis. They used transcriptionmediated amplification of rRNAs released from fungal cells. FIG. 3 . PCR amplification of coccidioidal DNAs from mouse sera. DNAs present in sera collected from mice after infection were amplified, separated by electrophoresis, and stained with Vistra Green. Amplified samples collected 3 days after infection are shown. Lane 2, uninfected mice; lane 3, mice infected with 500 arthroconidia. While samples collected after 3 days were also subjected to amplification and electrophoresis, no products were visible, and representative lanes are indicated by an asterisk. Lane 1, 100-bp DNA ladder; lane 4, 10-pg PCR control; lane 5, 1-pg PCR control; lane 6, 100-fg PCR control; lane 7, negative (no template) control. While their method was successful for demonstrating C. immitis in tissues and other specimens that were culture positive, they were not able to demonstrate C. immitis in specimens that were culture negative (e.g., CSF). A more common approach is the amplification of DNA by PCR, and this was the method we chose to employ. Our study included three phases: (i) the detection of coccidioidal DNA deliberately added to normal human serum, (ii) the detection of DNA in the sera of mice that had been deliberately infected with coccidioides, and (iii) the detection of coccidioidal DNA in the sera of humans with coccidioidomycosis (who were seropositive or became seropositive).
The PCR assay evaluated in the present study used C. immitis species-specific primers that amplified 239 bp of the ITS region of ribosomal DNA. These primers were selected since they were previously shown to be specific and since they amplified a multicopy region (7) . We evaluated body fluids that would not likely contain fungal cells but would possibly contain circulating DNA that could be amplified. The sensitivity was enhanced by the use of Vistra Green (detection of as little as 10 fg of DNA) staining as opposed to ethidium bromide, which required at least 100 fg of DNA (Fig. 1A and B) .
We considered it possible that coccidioidal DNAs might be present in patients' early-phase sera. Preliminary amplification studies indicated that DNA was present in four of nine seropositive human specimens. To test this experimentally, we evaluated the method by using sera of mice infected with C. immitis. A PCR-positive sample was collected 3 days after infection with 500 arthroconidia. All other samples were PCR negative as well as seronegative. This suggested that DNA may be transiently present, as was the circulating coccidioidal antigen (6). It is not yet known whether circulating DNA might reappear in the serum with the progression of coccidioidal disease and the proliferation of coccidioidal cells.
The coccidioidal DNA PCR was further evaluated by using a panel of sera and CSF that were previously evaluated for coccidioidal antibodies but that were provided for this study in a blinded fashion. Of the 94 specimens evaluated, 6 were PCR positive. Four of these six patients who were positive by PCR were seronegative, but subsequent specimens from these patients were seropositive, providing confirmation that they had developed coccidioidal infections. Thus, the PCR was able to demonstrate coccidioidal infections before antibodies became detectable by immunodiffusion or complement fixation. However, the PCR positivity appeared to be transient, as two patients whose initial specimens were seronegative and PCR positive later became seropositive and PCR negative. Only one specimen included in this portion of the study was both PCR positive and seropositive.
The present study indicates the feasibility but perhaps limited utility of DNA amplification from serum specimens for the diagnosis of coccidioidomycosis. However, as has been suggested to us, the testing of whole blood or the buffy coat may enhance the recovery of fungal DNA from the infected host. While the current protocol will yield a product if 10 fg of DNA or more is present in 200 l of serum (approximately 323 genome copies), the sensitivity might be improved by using an objective, instead of visual, quantitative amplification system. Alternatively, the PCR could be coupled to a second assay, such as an initial amplification with universal fungal primers and then hybridization of the PCR product to labeled speciesspecific probes (5, 12, 15) . Further studies are also required to address the effect of antibodies on the presence of circulating DNA. An animal model may provide insights into these questions.
